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SSB proteins bind to and control the accessibility of
single-stranded DNA (ssDNA), likely facilitated by
their ability to diffuse on ssDNA. Using a hybrid
single-molecule method combining fluorescence
and force, we probed howproteinswith large binding
site sizes can migrate rapidly on DNA and how
protein-protein interactions and tension may modu-
late themotion.Weobserved force-induced progres-
sive unraveling of ssDNA from the SSB surface
between 1 and 6 pN, followed by SSB dissociation
at 10 pN, and obtained experimental evidence of
a reptation mechanism for protein movement along
DNA wherein a protein slides via DNA bulge forma-
tion and propagation. SSB diffusion persists even
when bound with RecO and at forces under which
the fully wrapped state is perturbed, suggesting
that even in crowded cellular conditions SSB can
act as a sliding platform to recruit and carry its inter-
acting proteins for use in DNA replication, recombi-
nation and repair.
INTRODUCTION
In the cell, a multitude of proteins compete for access to single-
stranded DNA (ssDNA), but it is unclear how these proteins coor-
dinate with each other. ssDNAbinding (SSB) proteins bind selec-
tively to ssDNA with high affinity and little sequence specificity,
protecting ssDNA from degradation and recruiting other pro-
teins necessary for DNA replication, recombination and repair
(Richard et al., 2009; Shereda et al., 2008). E. coli SSB (EcoSSB),
a representative homotetrameric SSB, wraps 65 nt of ssDNA
around it [(SSB)65 mode] at moderately high salt conditions
(R200 mM Na+ or R2 mM Mg2+) (Bujalowski and Lohman,
1986; Chrysogelos and Griffith, 1982; Lohman and Overman,
1985; Roy et al., 2007) such that the two ssDNA ends enter
and exit the protein in close proximity (Raghunathan et al.,222 Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc.2000). At lower salt concentrations and higher SSB to DNA
ratios, a cooperative SSB binding mode is favored in which
only two subunits of the tetramer interact with 35 nucleotides
of ssDNA (Lohman and Ferrari, 1994). In order for subsequent
DNA metabolic processes to occur, EcoSSB plays a second
major role in DNA metabolism in that it interacts directly with
at least 14 other proteins that we term SIPs (SSB interacting
proteins), including DNA Polymerase II, III, and V, primase,
RecQ, RecO, RecJ, RecG, PriA, PriB, Exonuclease I and IX,
Uracil DNA Glycosylase, and phage N4 RNA polymerase
(Shereda et al., 2008), bringing them to their sites of function.
How SSB permits access of SIPs to SSB-bound DNA is unclear.
The process by which protein diffusion along DNA facilitates
location of specific target sites or its repositioning has been
studied almost exclusively on double-stranded DNA (Gorman
and Greene, 2008). Recently, we reported the direct observation
of a protein diffusing on ssDNA (Roy et al., 2009). Using single
molecule two- and three-color FRET (fluorescence resonance
energy transfer) (Ha et al., 1996), we found that EcoSSB can
diffuse on ssDNA (diffusion coefficient 300 nt2/s at 37C) with
a mean step size of 3 nt, and that this SSB activity transiently
melts DNA secondary structures and stimulates RecA filament
elongation (Roy et al., 2009). The underlyingmechanism for diffu-
sion is fundamental to understanding cellular functions but how
a protein with such a large binding site size (65 nt for SSB) and
high affinity can diffuse rapidly on DNA remains unknown. In
addition, how the application of force or the binding of SIPs
might modulate these SSB dynamics has not been investigated.
Here, we apply a recently developed optomechanical tool
combining single molecule fluorescence detection and force
(Hohng et al., 2007) tomonitor the tension-dependent conforma-
tional transitions of DNA/protein complexes with nanometer
resolution at the single protein level. Our earlier study on SSB
(Roy et al., 2009) was based on only fluorescence measure-
ments. Here, with tension applied to the DNA and our capability
to measure temporal changes of arbitrary coordinates (i.e., not
just the end-to-end distance of a biopolymer) at low forces,
we were able to obtain information that is unattainable by
mechanical manipulations or fluorescence techniques alone.
The fluorescence probes can be positioned at different desired
Figure 1. Force-Induced Unraveling of ssDNA from SSB Measured by Fluorescence-Force Spectroscopy
(A) Experimental scheme for force-induced unravelling of ssDNA, (dT)69+1, from SSB measured via FRET. One end of the construct was immobilized on a PEG
surface via biotin-neutravidin interaction and the other end was linked to a bead held in an optical trap via a Digoxigenin-Anti-digoxigenin interaction.
(B) Structural model for an SSB tetramer bound to a 70 nt ssDNA (thick orange line) in the fully wrapped (SSB)65 binding mode, based on an X-ray crystallographic
structure of a C-terminal truncated SSB tetramer (SSBDC) bound to two (dC)35 oligonucleotides (Raghunathan et al., 2000).
(C) FRET histograms of the DNA construct at zero force with and without SSB bound. The peak at zero FRET corresponds to DNAmolecules with active Cy3 only,
and the second major peak corresponds to DNA molecules with both active Cy3 and Cy5. Excess SSB proteins were removed from the solution after incubating
at 500 mM NaCl and 1 nM SSB tetramer concentration. The FRET histograms were obtained 1 min, 2 hr, and 5 hr after the removal of free SSB in solution.
(D) Fluorescence-force traces obtained while stretching and relaxing the DNA at the stage-moving speed v of 455 nm s1 (20 nM SSB in solution) when the
maximum force achieved was set to 6 pN.
(E) The averaged FRET versus force curves for stretching and relaxing the DNAwhen themaximum force achieved was set to6 pN (in 500mMNa+) or8 pN (in
5 mM Mg2+ and 100 mM Na+) (averaged among 50 cycles from ten molecules with a bin size of 0.2 pN).
(F) Unraveling distance versus force curves in two ionic conditions fit to straight lines (red lines), D = a$(F – b) (when the force FR b), where a = 1.0 ± 0.03 nm/pN,
b = 0.9 ± 0.2 pN for 500 mM Na+, and a = 0.7 ± 0.02 nm/pN, b = 1.2 ± 0.3 pN for 5 mM Mg2+ and 100 mM Na+, determined from the fit. Error bars represent ±
standard error of the mean (SEM).
See also Figure S1 and Figure S2.locations on DNA and/or protein to probe the dynamics along
various vectors, which maximizes the information content. This
approach allowed us to probe the dissociation mechanism of
anEcoSSBbound to ssDNAanddirectly observe themechanical
regulation of an individual SSB tetramer diffusing along ssDNA.
RESULTS
Near-Equilibrium DNA Unwrapping and Rewrapping
at Low Forces
To investigate the removal of tightly wrapped ssDNA from SSB in
its fully wrapped (SSB)65 mode, we first examined the effect of
applying an unwrapping force to SSB-bound DNA in 500 mMNaCl using fluorescence-force spectroscopy that combines
confocal fluorescence microscopy-based single molecule
FRET and optical tweezers (Hohng et al., 2007) (see also the
Experimental Procedures). At zero force, high FRET (0.7) is
observed between a donor (Cy3) and an acceptor (Cy5) atta-
ched near the two ends of a 70-mer ssDNA wrapped around
a single SSB tetramer (Figures 1A and 1B). For simplicity, we
depict the complex as a protein disc surrounded by a line,
whereas in the 3D structural model of the SSB/DNA complex
in its (SSB)65 mode, the path of the DNA around SSB resembles
the seam of a tennis ball (Figure 1B). SSB remains bound to the
surface-tethered DNA even 5 hr after removal of free SSB from
solution (Figure 1C). For each DNA stretching cycle, the sampleCell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc. 223
stage was moved from a low-force position (0.5 pN) at a
constant speed v (455 nm s1) until the force reached a predeter-
mined value (6 pN), followed by returning of the stage at
the same speed to the initial low-force position (at 20 nM SSB
tetramer concentration). The FRET efficiency E decreased and
increased gradually (between 0.7 and 0) as the force was
increased and then decreased respectively, demonstrating
force-induced, progressive DNA unraveling from SSB (Fig-
ure 1D). Superimposed on the curve are the anticorrelated
fluctuations of donor signal ID and acceptor signal IA reflecting
SSB diffusion as we discuss below. In contrast, the E versus
force curve of ssDNA alone without SSB showed E values
below 0.2 for the entire force range (Figure S1 available online).
In 500 mM Na+, ssDNA unraveling begins once the force goes
above a threshold of b= 0.9 ± 0.2 pN and the averaged stretching
and relaxation curves coincide (Figure 1E), indicating that the
initial peeling off of ssDNA from the SSB surface below 6 pN of
force is reversible. The change in the distance between Cy3
and Cy5 (estimated from FRET efficiency; see the Extended
Experimental Procedures), D, scales linearly with force within
the FRET detectable range with a slope of a = 1.0 ± 0.03 pN/nm
(Figure 1F). The unraveling experiment performed at a different
ionic condition (5 mM Mg2+ and 100 mM Na+) gave a similar
result except that a = 0.7 ± 0.02 nm/pN and b = 1.2 ± 0.3 pN
(Figure 1F). The mechanical work to unravel ssDNA is given by
(1=2a$D2 + b$D) pN nm (D is in nm), yielding the interaction
energy density of (0.22 ± 0.05) kBT/nm or (0.13 ± 0.03) kBT/nt
for the SSB-DNA complex in 500 mM Na+, and (0.29 ± 0.07)
kBT/nm or (0.17 ± 0.04) kBT/nt in 5 mM Mg
2+ and 100 mM Na+
(see Figure S2 and the Extended Experimental Procedures).
This interaction energy density is smaller than that between
nucleosomal DNA and a histone octamer (0.51.0 kBT/nm) (Kulic
and Schiessel, 2003b; Polach and Widom, 1995), potentially
explaining the more rapid diffusion for SSB.
SSB Dissociation Events at Higher Forces
If a maximum force of13 pNwas reached, hysteresis was often
observed (Figures 2A and 2B) where the initial return segment
resembled that observed for ssDNA alone (Figure S1B), indi-
cating that the SSB had dissociated fully at this higher force
and did not immediately rebind. The averaged stretching and
relaxation curves did not overlap and displayed hysteresis due
to suppression of rebinding at high forces (Figure 2C), further
indicating that full SSB dissociation occurs mainly at forces
between 6 and 13 pN.
To determine precisely the force at which SSB dissociates, Fd,
we repeated the same experiment, but using 1 nM SSBf, an
A122C SSB mutant labeled with approximately one Alexa555
fluorophore per SSB tetramer (Roy et al., 2009) and after Cy3
and Cy5 on the DNA have been photobleached (Figure 2D).
Alexa555 fluorescence increases abruptly (Figure 2E and Fig-
ure S3, green trace) upon SSBf binding to the DNA and disap-
pears later due to either SSBf dissociation or photobleaching.
The probability distribution p(Fd) was obtained (Figure 2F) after
removal of a population at low force (1 pN) that we attribute
to photobleaching (Figures S3F and S3G). p(Fd) is broad and
asymmetric, and the mean Fd shifted from 8.8 ± 0.2 to 9.5 ±
0.2 pN upon doubling the pulling rate v (Figure 2F and Fig-224 Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc.ure S3B), indicating that the final SSB dissociation from
a partially wrapped intermediate (Kozlov and Lohman, 2002) is
a nonequilibrium process. We used the theory of Dudko et al.
(Dudko et al., 2006, 2008; Greenleaf et al., 2008) to obtain the
rate of SSB dissociation from the partially wrapped interme-
diate at zero force, k1 = 0.010 ± 0.006 s
1; the distance to the
transition state from the intermediate, Dxz = 3.2 ± 0.5 nm; and
the height of the free energy barrier between the intermediate
and unbound state, DGz = (11 ± 2) kBT (Experimental Proce-
dures). Similar results were obtained in 5 mM Mg2+ and
100 mM Na+ (Figure 2H) with mean Fd = 10.7 ± 0.3 pN,
k1 = 0.010 ± 0.005 s
1, Dxz = 2.4 ± 0.3 nm, and DGz = (8.0 ±
0.3) kBT. Combining our data both at low- (<6 pN) and high-force
ranges (>6 pN), the overall energy landscape can be stitched
together with two major regions along the dissociation reaction
coordinate (Figure 2G).
Rolling versus Sliding Mechanisms for SSB Diffusion
on DNA
Next, we investigated the mechanism of SSB diffusion on
ssDNA. How a protein with such extensive interactions (65 nt)
with DNA and high affinity can spontaneously and rapidly
migrate on the DNA has been a mystery. At present, there is
only one proposed mechanism in the literature on how SSB
may achieve this feat (Kuznetsov et al., 2006; Ro¨mer et al.,
1984). In this rolling mechanism, a partial unwrapping of one
end segment of ssDNA from an SSB tetramer is followed by
rewrapping of the other end of the ssDNA in its place, resulting
in a one-dimensional random walk of SSB along DNA (Figure 3A
and Movie S1). The rolling mechanism utilizes the closed wrap-
ping of ssDNA on the SSB surface and allows SSB diffusion
while maintaining most of its contacts with ssDNA (with relatively
low energetic cost), and is therefore an attractive mechanism. An
alternative scenario that has not been previously considered for
SSB is that the whole ssDNA ‘‘slides’’ relative to the protein
surface (Figure 3B).
To distinguish between ‘‘rolling’’ and ‘‘sliding,’’ we performed
smFRET experiments with SSBf and DNA constructs with Cy5
attached to either the end (Figure 3C, scheme 1) or the midsec-
tion (Figure 3D, scheme 2) of (dT)70 ssDNA. In rolling, only the end
segments of the ssDNA would display motion relative to SSB
while the midsection of bound ssDNA would not because the
70 nt ssDNA is only slightly longer than the SSB binding site.
Therefore, scheme 2 should show FRET fluctuations for sliding
due to the change in the distance between Alexa555 and Cy5
(Figure 3B), but not for rolling (Figure 3A). FRET time traces for
both schemes show fluctuations of similar amplitudes (Figures
3C and 3D), strongly supporting the sliding model in which the
whole SSB-bound ssDNA moves relative to the SSB surface
during diffusion. Plotting themean FRET efficiency of eachmole-
cule, <E>, versus its standard deviation over time, sE, (Figure 3E)
revealed no significant differences in the amplitude of FRET fluc-
tuations between the two labeling schemes, further indicating
that sliding is likely the dominant mechanism and that contribu-
tions from rolling, if any, must be much smaller. The diffusion-
induced fluctuation time scales were 117 ± 3 ms for scheme 1
and 301 ± 22 ms for scheme 2 obtained from single-exponential
fits to the cross-correlation of ID and IA (Figure 3F and the
Figure 2. Direct Observation of Force-Induced Individual SSB Dissociation Events
(A) Experimental scheme for force-induced unravelling of ssDNA, (dT)69+1, from SSB measured via FRET as in Figure 1A.
(B) Fluorescence-force traces obtained while stretching and relaxing the DNA at the stage-moving speed v of 455 nm s1 (20 nM SSB in solution) when the
maximum force achieved was set to 13 pN (in 500 mM Na+). Blue arrows indicate SSB binding events.
(C) The averaged FRET versus force curves for stretching and relaxing the DNAwhen themaximum force achievedwas set to13 pN. Error bars represent ±SEM
(averaged among 45 cycles from 12 molecules with a bin size of 0.2 pN).
(D) Experimental scheme for direct observation of individual SSB dissociation events.
(E) Fluorescence-force curves that indicate the binding (blue arrows) and dissociation (magenta arrows) of individual SSBf at v = 455 nm s
1.
(F) Dissociation force distributions obtained in 500 mM Na+ at the two stage-moving speeds. The small population assigned to fluorophore photobleaching has
been removed. The solid lines are the global fits to the Dudkomodel with the parameter (m) that controls the shape of the energy barrier set to 1/2 (blue) or 2/3 (red)
(see the Experimental Procedures).
(G) Energy landscape along the SSB dissociation reaction coordinate with two distinct regions.
(H) Dissociation force distribution obtained in 5 mM Mg2+ and 100 mM Na+ at the stage-moving speed of 455 nm s1.
See also Figure S3.Experimental Procedures). These time scales were larger than
that obtained from labeled (dT)70 bound with unlabeled SSB
likely due to a different degree of degeneracy in the FRET states
(Figures S4 and S5).
In order to further test that the FRET fluctuations observed are
due to SSB diffusion on DNA, we first obtained FRET time traces
using the two labeling schemes but using (dT)40 and (dT)51, which
are shorter than an SSB tetramer binding site size and therefore
are not expected to allow SSB diffusion. Indeed, FRET fluctua-
tions beyond measurement noise were eliminated (Figures 3G
and 3H and Figure S5D) and the cross-correlation of ID and IA
averaged over >100molecules showed no significant anti-corre-
lation (Figure 3I). Next, we performed a systematic experimentusing unlabeled SSB and DNA constructs with ssDNA equal to
or shorter than the SSB tetramer binding site size and labeled
with Cy3 and Cy5 separated by 16, 31, 41, 50, and 60 nt (Fig-
ure 3J and Figure S5E). We did not observe any FRET fluctua-
tions beyond measurement noise, indicating that the FRET fluc-
tuations observed when ssDNA is longer than the binding site
size are not due to conformational changes of SSB-bound
ssDNA.
As a further test, we applied tension to SSB-bound DNA to
disrupt the closed wrapping that is a prerequisite for rolling (Ko-
zlov and Lohman, 2002; Roy et al., 2009). The diffusion-induced
FRET fluctuations persisted even at forces up to5 pN (Figure 4),
a force regime where the ssDNA unraveling, as measured byCell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc. 225
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Figure 3. Evidence Favoring the Sliding Mechanism over the Rolling Mechanism
(A) Rolling mechanism for SSB diffusion. One end of the wrapped DNA could partially dissociate from the SSB while the other end of the DNA binds to the same
newly open DNA binding site. This mechanism is facilitated by the ‘‘closed wrapping’’ topology of the DNA around the SSB tetramer and there is no relative
‘‘sliding’’ motion between ssDNA and the SSB surface in this model. Only the ends but not the mid-section of the bound DNA slide/move relative to SSB during
diffusion.
(B) Sliding mechanism for SSB diffusion. In this mechanism, the whole SSB-bound DNA (65 nt) slides relative to protein surface during diffusion.
(C and D) Representative single-molecule time traces of donor(Alexa555) and acceptor(Cy5) intensities and the corresponding FRET efficiency show fluctuations
induced by SSBf diffusion along the ssDNA if Cy5 is attached near one end of (dT)70 (scheme 1) or to the middle of (dT)70 (scheme 2; 30 ms time resolution). a.u.,
arbitrary units.
(E) A scatter plot of <E> versus sE for individual FRET time trajectories obtained from the two Cy5 labeling schemes.
(F) Cross-correlation analysis of single-molecule intensity-time traces fit to single exponential function for data obtained with the two labeling schemes in (C) and
(D) (averaged over >300 molecules each).
(G and H) Representative single-molecule intensity-time traces (30 ms time resolution) suggest the FRET fluctuations are inhibited if SSBf binds to a Cy5-labeled
ssDNA that is shorter than the SSB tetramer binding site size [(dT)40 and (dT)51].
(I) Cross-correlation analysis of single-molecule intensity-time traces for data obtained with the shorter ssDNA in (G) and (H) (averaged over >100 molecules
each).
(J) Cross-correlation analysis of single-molecule intensity-time traces for data obtained with five Cy3-Cy5 labeled DNA constructs whose ssDNA tail lengths are
equal to or shorter than the SSB tetramer binding site size (averaged over >100 molecules each).
See also Figure S5.
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Figure 4. SSB Diffusion Persists under Tension
FRET time trajectories of SSBf continue to show diffusion-induced fluctuations
with increasing force up to 5 pN. Magenta arrows indicate SSBf dissociation
events.
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Figure 5. Schemes for Two Possible SSB Sliding Mechanisms
For the sliding mechanism, the whole bound DNA sliding would occur through
different transition or intermediate states. The sliding-without-bulge model (or
‘‘hopping’’) would require the simultaneous rupture of all of the binding inter-
actions between 65 nts of DNA and the SSB protein surface as the transi-
tion state (A). Alternatively, a sliding-with-bulge model, namely the reptation
mechanism for SSB diffusion, allows the sliding of the whole bound DNA
relative to SSB surface to occur little by little. As the transition states in
reptation, the ssDNA at the ‘‘edge’’ of the SSB partially dissociates from the
protein surface and distortion of this unwrapped segment of DNA can form
a loop-bulge with an extra length of three nucleotides, and this ‘‘defect in
stored length’’ propagates back and forth over the entire wrapped portion until
it emerges on the other side, leading to one step of SSB diffusion along the
ssDNA (B). The arrows represent the DNA movements and the cyan asterisk
represents a single nucleotide position on the DNA. The asterisk-marked
position on ssDNA will slide along the protein surface by the end of the diffu-
sion cycle.FRET, is essentially complete (Figure 1E). If diffusion on ssDNA
indeed does not require closed wrapping, the ability to diffuse
on ssDNA may be shared by other ssDNA binding proteins that
do not display closed wrapping. This result also supports the
sliding mechanism.
Reptation or Sliding-with-Bulge Mechanism for SSB
Diffusion
Having ruled out rolling as a dominant mechanism, how might
the sliding of 65 nt of SSB-bound DNA be achieved every time
SSB takes a step? There are two general classes of model
with different transition or intermediate states between diffu-
sional steps. In one, all of the contacts are broken simultaneously
before the protein can slide relative to the DNA to arrive at the
adjacent position (class A, Figure 5A). In the other, only a few
contacts between the protein and the DNA are broken and
then reformed at a time, i.e., all contacts are broken in piecemeal
(class B). An attractive possibility for a class B model is ‘‘repta-
tion’’ (Figure 5B and Movie S2), in which propagation of a defect
(or a loop/bulge) in a polymer chain gives rise to an overall trans-
lation of the chain (de Gennes, 1971; Perkins et al., 1994;
Sukhishvili et al., 2000). A DNA bulge is formed via thermal fluc-
tuations with an excess length DL, equivalent to the diffusion
step size, which then propagates via a random walk: if the bulge
happens to be annihilated at the position where it formed, there
will be no net motion, but if it reaches the other end of the SSB-
bound DNA, the protein would be repositioned by DL (Schiessel
et al., 2001). The bulge can form spontaneously if an unwrapped
DNA segment is rewrapped but with an offset of size DL.
Because this would reduce the overall end-to-end length of the
DNA tether, an applied force would make such an event less
likely to occur, slowing down the reaction. Therefore, the repta-
tion model predicts that increased tension on the DNA will slow
down SSB diffusion. One would expect just the opposite for
class A models where the DNA needs to be transiently detached
from the protein surface for each step of diffusion because
higher forces will make it easier to achieve such a transient state(hence faster diffusion) by reducing the number of contacts
between the protein and the DNA via DNA unraveling.
In order to probe if diffusion becomes faster or slower with
increasing force, we extended the ssDNA region by 13 nt beyond
the 69 nt that separate Cy3 and Cy5 (Figure 6A) and measured
FRET at constant forces and 1 nM SSB. The anticorrelated
fluctuations in ID and IA confirm that SSB can diffuse along the
ssDNA even under tensions up to 5 pN (Figure 6B and
Figure S6). The peak of the FRET histogram shifted to a value
near zero at the higher (6.5 pN) force (Figure 6C) due to ssDNA
unwrapping from the protein surface. Importantly, the character-
istic time scale for diffusion t calculated from the cross-correla-
tion curve increased with force F under both ionic conditions that
we have investigated (Figure 6D). The slower diffusion at higher
forces favors the reptation model (‘‘sliding-with-bulge’’), over
the class A models (‘‘sliding-without-bulge’’) as a mechanism
for sliding. In addition, the data in Figures 1 and 2 indicate that
the energy cost of breaking multitudes of bonds simultaneously
between 65 nt of DNA and the protein surface is (11 + 0.13$N) kBT
(N is the number of nucleotides unraveled before reaching the
partially wrapped intermediate) and that an SSB tetramer
remains bound to ssDNA in the absence of free SSB for several
hours (Figure 1B). Therefore, it is highly unlikely that a complete/
global dissociation of SSB occurs every time SSB diffuses on
ssDNA by each step, further discounting class A models in favor
of the reptation model.
In reptation, to step from one site to the other at zero force,
SSB needs to overcome an energy barrier, DU(0) (Figure 6E),Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc. 227
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Figure 6. Mechanical Control of SSB Diffusion
along DNA and the Reptation or Sliding-with-Bulge
Mechanism
(A) Experimental scheme with extended ssDNA region.
(B and C) Cross-correlations of donor and acceptor
intensities and exponential decay fits in the presence of
1 nM SSB (B) and FRET efficiency histograms (C) at five
different constant forces (10 ms time resolution). Fluo-
rophores are conjugated to the 82 nt long ssDNA as
shown.
(D) The characteristic time scale t of SSB diffusion deter-
mined from the exponential fit of cross-correlation versus
force obtained under two ionic conditions. Error bars
represent the SEM.
(E) Energy landscape along the SSB diffusion coordinate
and the proposed reptation model for SSB diffusion on
DNA. DL is the reduction in the overall DNA length when
the thermally activated DNA bulge is formed. Solid line for
force F = 0; dashed line for F > 0.
See also Figure S6.associated with the extra curvature energy for the DNA loop-
bulge formation and the adsorption energy of the protein surface
and DNA (Schiessel et al., 2001).The ragged plateaus in the
energy landscape represent the intermediates when a DNA
loop-bulge of about 3 nt in extra length is formed, and in this
model, we envision that the bulge propagates to either of the
two ends rapidly and is then annihilated. The tension, F, applied
to theendsof thessDNAaddsanextramechanical energypenalty
(FDL) to loop formation, and increases the energy barrier by the
same amount, resulting in a force-dependent diffusion time scale.
Why is the force dependence of the diffusion time scale
steeper in 5 mM Mg2+ and 100 mM Na+ than in 500 mM Na+?
We obtained FRET histograms of naked ssDNA with Cy3 and
Cy5 separated by either (dT)31 or (dT)50 (Figures S6F and S6G).
We observed lower FRET values in 5 mM Mg2+ and 100 mM
Na+, suggesting that ssDNA is more extended and the persis-
tence length of ssDNA is larger due to the lower salt concentra-
tion (Murphy et al., 2004). If theminimum bulge size during repta-
tion is limited by the persistence length of ssDNA, one would
expect a larger DL at lower salt concentrations, resulting in
a stronger force dependence as observed.
Interaction with RecO via SSB-Ct Slows SSB Diffusion
on DNA
Our data thus far show that SSB diffusion on DNA is robust
against moderate tension. Would SSB diffusion persist even228 Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc.when bound to SIPs? We examined the effect
of RecO, one of the 14 SIPs in E. coli (Shereda
et al., 2008). RecO promotes annealing between
SSB-coated DNA strands (Kantake et al., 2002)
and stimulates RecA loading onto SSB-coated
ssDNA (Cox, 2007; Hobbs et al., 2007; Manfredi
et al., 2008; Sakai and Cox, 2009; Umezu and
Kolodner, 1994). RecO is monomeric in solution
under our conditions (Experimental Procedures)
and binds with 1:1 stoichiometry to each of the
four SSB-Cterminal tail (SSB-Ct) but not to
SSB without the Ct (Figure S7) (Hobbs et al.,2007; Ryzhikov et al., 2011). After forming a stable complex of
a single SSB tetramer with (dT)69+8, we added RecO to the solu-
tion (Figure 7A). These FRET histograms (Figure 7B) differed from
those observed for DNA/RecO interactions (Figure S6E). FRET
fluctuations persisted even with RecO present in solution
(Figures 7C and 7D), indicating that SSB diffusion occurs even
with RecO bound to the DNA/SSB complex. However, cross-
correlation analysis (Figure 7E) showed that RecO binding
does slow SSB diffusion and the characteristic time scale of
SSB diffusion increased from 50 ± 2 to 77 ± 4 ms at the highest
RecO concentration tested. This effect is not merely due to RecO
binding to ssDNA (Luisi-DeLuca and Kolodner, 1994; Ryzhikov
et al., 2011; Sakai and Cox, 2009) because it is abolished if
the SSB/RecO interaction is disrupted by deleting the last 42
amino acid residues from the SSB-Ct (Raghunathan et al.,
2000) (termed SSBDC; Figure 7F). SSBDC or an 8 amino acid
C-terminal truncation of SSB (termed SSBDC8) displayed the
same ssDNA binding features as wild-type SSB under these
conditions (Kozlov et al., 2010; Roy et al., 2009), but SSBDC8
does not bind RecO (Figure S7B). Because RecO-promoted
ssDNA annealing requires Mg2+(Luisi-DeLuca and Kolodner,
1994), we repeated our experiment in buffer containing 10 mM
Mg2+ and 80mMK+. Similar diffusion-induced FRET fluctuations
were observed in the absence and presence of RecO (Figures
S7F and S7G). Slowing of diffusion was also observed for
wild-type SSB but not for SSBDC (Figure S7G).
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Figure 7. SSB Diffusion along ssDNA Persists but Slows Down When SSB Interacts with RecO via SSB-Ct
(A) Schematic of reaction steps.
(B) FRET efficiency histograms for (dT)69+8 DNA only, and DNA/SSB complexes in the absence and presence of RecO.
(C) Representative single-molecule time traces of DNA/SSB in the absence of free SSB and RecO (in 200 mM K+).
(D) Representative single-molecule time traces of DNA/SSB/RecO complex in 3 mM RecO and in the absence of free SSB (in 200 mM K+).
(E) Normalized cross-correlations of donor and acceptor intensity time traces as shown in (C) and (D) averaged over more than 300 molecules each with and
without 3 mM RecO. Single exponential fits are also shown.
(F) The characteristic time scale t of SSB diffusion determined from the exponential fits of cross correlations as shown in (E) as a function of RecO concentrations
for wild-type SSB and SSBDC in 200 mM K+.
(G) t of SSB diffusion as a function of RecO concentrations for wild-type SSB and SSBDC in 10 mM Mg2+ and 80 mM K+.
See also Figure S7.DISCUSSION
Two Stages of SSB Dissociation from DNA
Our data suggest that DNA unravels from SSB in two distinct
stages (Figure 2G). Under moderate tension DNA is peeled off
from SSB gradually at near equilibrium with a uniform SSB/DNA
interaction energy density of 0.1–0.2 kBT per nt, followed by
complete dissociation at higher tension (10 pN) that involves
a large energy barrier (11 kBT for 500 mM Na
+, 8 kBT for 5 mM
Mg2+ and 100 mM Na+). The partially wrapped intermediate
that separates the two regions represents a state where SSB
stays bound to the last short stretch of ssDNA before final disso-
ciation. All SIPs tested so far bind SSB via the last 8-10 amino
acids in the unstructured SSB-Ct (Shereda et al., 2008). After
the initial binding toanSSB-Ct, the resulting high local concentra-
tion of a SIP and the unwrapping of ssDNA at moderate tension
may allow progressive ssDNA transfer from SSB to the SIP while
avoiding the exposure of the ssDNA region to nucleases.
Reptation as a Diffusion Mechanism
Our probing of SSB diffusion along ssDNA has provided new
insights into the fundamental mechanism of the one-dimensionalrandom walk of proteins on ssDNA. Our data ruled out ‘‘rolling’’
as a dominantmechanism for SSB diffusion on DNA and suggest
that the SSB-bound DNA would ‘‘slide’’’ all together relative to
the protein surface during diffusion. Reptation may also offer
an explanation for why SSB diffusion may occur with a step
size larger than 1 nt (Roy et al., 2009). The minimum step size
in reptation is constrained by theminimum size of the DNAbulge.
Because the persistence length ranges from 1 to 3 nm between
25 mM and 2 M Na+ (Murphy et al., 2004), a bulge of the minimal
size, 1 nt, could be too energetically costly to form. A reptation
step size of 3 nt may also be rationalized by the crystal struc-
ture of SSB bound by ssDNA which showed clusters of 2–4 nt
in size that bind to specific sites on the protein (Raghunathan
et al., 2000).
The force-dependence data on SSB diffusion (Figure 6)
provides direct experimental evidence for a ‘‘reptation’’ model
of protein motion on DNA. Although we have not directly
observed bulge formation and propagation, which is presumably
too fast to detect, and we have not technically ruled out all other
class B models, reptation (or sliding-with-bulge) is the only
model we are aware of that is consistent with all of the data
reported here.Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc. 229
Functional Role of SSB Diffusion on DNA
The fact that SSB diffusion along ssDNAwas detected with up to
5 pN of tension, even when the SSB-ssDNA structure is not fully
wrapped, suggests that SSB diffusion may persist during its
cellular functioning even in the crowded conditions in vivo where
the DNA is likely to experience tension of various magnitudes,
and that the ability to diffuse on ssDNA may be shared by other
ssDNA binding proteins that do not display closed wrapping, as
suggested for phage T4 gene 32 protein (Lohman, 1984). SSB
appears to diffuse continually as long as there is an available
extension of ssDNA beyond its binding site size. This small-scale
(tens of nucleotides) SSB diffusion along DNA should be impor-
tant in the redistribution of SSB on ssDNA after its initial binding
to a random location because for proteins with such high affini-
ties, redistribution would be difficult if it required complete disso-
ciation and reassociation. SSB diffusion over short lengths
would be important for protecting these small DNA gaps and
allowing access of SIPs to the ssDNA and hairpin removal by
SSB. In addition, single SSB tetramers can be moved by the
action of a directed motion as we have shown for RecA filament
formation (Roy et al., 2009). Our data also suggest RecO and
other SIPs that bind to SSB via the SSB-Ct would not prevent
but only moderately slow down SSB diffusion along ssDNA.
The slowing of diffusion may be due to the weak interaction of
RecO with ssDNA facilitated by SSB-Ct binding (Ryzhikov
et al., 2011), and/or the increased radius of the SSB-RecO
complex. Our data overall suggest that SSB diffusion may occur
even when a SIP interacts simultaneously with both ssDNA and
SSB and that SSB may serve as a dynamic platform to recruit
SIPs for use in DNA replication, recombination and repair.Implications for Nucleosomes
The closed wrapping of ssDNA around SSB bears some resem-
blance to the wrapping of147 bp of dsDNA around the histone
core in a nucleosome (Chrysogelos and Griffith, 1982; Luger
et al., 1997; Raghunathan et al., 2000). The mechanistic insights
that we obtained for SSB diffusion and dissociation pro-
cesses parallel those observed for nucleosomes (Beard, 1978;
Brower-Toland et al., 2002; Li et al., 2005; Mihardja et al.,
2006; Ranjith et al., 2007). Nucleosomes can also be reposi-
tioned along duplex DNA (Beard, 1978), likely through the spon-
taneous unwrapping of the DNA ends (Li et al., 2005), and RNA
polymerase can rectify this thermal motion to move through
chromatin (Hodges et al., 2009). A similar mechanism allows
a growing RecA filament to rectify the diffusion of SSB into
a directed movement (Roy et al., 2009).Two models for nucleo-
some sliding were proposed, based on the reptation of defects
in polymer chains: through 10 bp bulge defects (Kulic and
Schiessel, 2003b; Schiessel et al., 2001) and through 1 bp twist
defects (Kulic andSchiessel, 2003a) but no experimental support
is yet available for either. Our study provides direct experimental
evidence for a reptation model of protein motion on ssDNA.EXPERIMENTAL PROCEDURES
DNA Sequences and Annealing Procedures
Details of DNA sequences with modifications and annealing indicated in the
text are reported in the Extended Experimental Procedures.230 Cell 146, 222–232, July 22, 2011 ª2011 Elsevier Inc.Protein Purification, Characterization, and Labeling
E. coli SSB, SSB-C proteins (>99% homogeneity), SSBDC (Lohman et al.,
1986), SSBDC8 (Kozlov et al., 2010), and SSB mutant (A122C labeled with
approximately one Alexa555 per SSB tetramer) (Roy et al., 2009) were purified
as described. E. coli RecO protein was expressed and purified as described
(Makharashvili et al., 2004, 2009). The assembly state and stability of RecO
protein was verified using sedimentation equilibrium at two concentrations
(3 and 4 mM) and three rotor speeds (20, 25, and 30 thousands RPM) as
described (Kumaran et al., 2006). All sedimentation profiles (data not shown)
obtained either under conditions of single molecule assays (Figure 7 and Fig-
ure S7E) or ITC binding experiments (Figures S7A–S7C) fit well to a model for
a single ideal species with molecular masses 26.9 ± 0.3 kD and 25.9 ± 0.4,
respectively, similar to that expected for a RecO monomer (27.3 kD).
Fluorescence-Force Spectroscopy Instrument
The combined optical trapping and single-molecule confocal fluorescence
instrument was built as previously described (Hohng et al., 2007). In brief,
the trapping laser beam (1064 nm, 350 mW, CLAS-106-STF02-02, Blue Sky
Research) was coupled through the back port of the microscope, while the
fluorescence excitation laser beam (532 nm, 30 mW, World StarTech) was di-
rectionally controlled by a two-dimensional piezo-controlled steering mirror
(S-334K.2SL, Physik Instrument) and coupled through the right side port.
The fluorescence emission was isolated from the reflected infrared light
(F3: HNPF-1064.0-1.0, Kaiser) and was band-pass filtered (F1: HQ580/60 m,
F2: HQ680/60 m, Chroma) before being imaged onto two avalanche photodi-
odes. The bright-field image of the trapped bead was obtained with a CCD
camera (GW-902H, Genwac). Two dimensional calibration of the QPD (UDT
SPOT/9DMI) over the full detector range and trap stiffness determination
were performed as described (Hohng et al., 2007; Lang et al., 2002).
Sample Assembly
For fluorescence-force measurements, about 10–50 pM of the complete DNA
templates were immobilized on a coverslip surface which is coated with poly-
ethyleneglycol (mPEG-SC, Laysan Bio) in order to eliminate nonspecific
surface adsorption of proteins and reduce the surface interactions with DNA
and beads(Ha et al., 2002; Roy et al., 2008). The immobilization was mediated
by biotin-Neutravidin binding between biotinylated DNA, Neutravidin (Pierce),
and biotinylated polymer (Bio-PEG-SC, Laysan Bio). Next, anti-digoxigenin-
coated 1 mm polystyrene beads (Polysciences) were added so that one
bead can attach to the free end of each tethered DNA. Finally, 1 nM or
20 nM of SSB protein was added in an imaging buffer containing 500 mM
NaCl (or 5 mM MgCl2, 100 mM NaCl), 20 mM Tris:HCl (pH 8.0), 0.1mM
EDTA, 0.5 mg/ml BSA (New England Biolabs), 0.01 mg/ml anti-digoxigenin,
0.5% (wt/vol) D-glucose (Sigma), 165 U/ml glucose oxidase (Sigma),
2170 U/ml catalase (Roche), 3 mM Trolox (Sigma), and 0.1% (vol/vol) Tween
20 (Sigma).
For the diffusion measurement of SSB at zero force, the partial duplex DNA
was surface immobilized as described above but the beads were not added
afterwards. Instead, 1 nM of SSB was directly added with the aforementioned
imaging buffer and then incubated for 1 min to form the SSB-ssDNA
complexes before flushing with the same imaging buffer (but with no SSB) to
remove the excess SSB from solution. All the experiments with RecO were
performed with a total internal reflection (TIR) microscope described previ-
ously (Roy et al., 2008). After SSB/DNA complexes were formed and excess
SSB proteins were removed, RecO was added at varying concentrations
with buffer: 200 mM KCl, 0.2% DMSO (or 10 mM MgCl2, 80 mM KCl, 0.8%
DMSO), 20 mM HEPES:NaOH (pH 7.5), 0.5 mM TCEP, 1 mM EDTA,
0.1 mg/ml BSA, 5% (vol/vol) glycerol, 0.5% (wt/vol) D-glucose, 165 U/ml
glucose oxidase, 2170 U/ml catalase, 3 mM Trolox, and RecO at concentra-
tions as stated.
Single-Molecule Data Acquisition
All single-molecule measurements were performed at 22C ± 1C. For flu-
orescence-force measurements, once a tethered bead was trapped, the
coverslip wasmoved back and forth with the piezo-stage to roughly determine
the tethered position by finding the central position of the stretching curves in
two orthogonal directions in the sample plane. The origin of the piezo stage
was then reset to this central position. Next, a more accurate position of the
fluorescently labeled molecule was determined by displacing the molecule
by 13 mm from the trap center and taking a confocal image around the tethered
position. For the SSB dissociation experiment, the piezo-stage was then
moved back and forth between a starting position (typically 13–14 mm separa-
tion between the tethered point and the trap center) to an end position
(16.516.8 mm separation between the tethered point and the trap center) at
a constant stage-moving speed (455 or 910 nm s1) for several force cycles.
The confocal excitation beam was programmed to follow the motion of the
molecule so that in the meantime we were able to record the donor and
acceptor fluorescence intensities with 44 ms time resolution as the applied
force ramped up. To obtain the averaged FRET versus force curve, averaging
was done over 30–50 cycles from 10–20 molecules using a force bin size of
0.2 pN. So that the force dependence of the SSB diffusion rates could be
tested, the stagewas sequentially moved to five different positions. At different
constant forces, single-molecule fluorescence signals were collected for 6 s
with 10 ms time resolution. For force-free smFRET experiments, the confocal
microscope in the combined setup or a TIR microscope was used and single-
molecule FRET histograms were generated by averaging for 300 ms.
FRET Efficiency Calculation
Apparent FRET efficiency was calculated from the fluorescence intensities of
the donor (ID) and acceptor (IA) with the formula E = IA / (IA + ID). The back-
ground and the cross-talk between the donor and acceptor were considered
as previously described (Ha et al., 2002; Hohng et al., 2007; Roy et al., 2008).
Dissociation Force Distributions
Unfolding force distributions were created by reading out the corresponding
force value for the SSB dissociation event indicated by fluorescence. The
two distributions obtained in 500 mM Na+ with different pulling speeds were
fit to the non-equilibrium model of Dudko et al. (2006).
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r is the loading rate, k1 is the SSB dissociation rate from the partially wrap-
ped intermediate at zero force, Dxz is the distance to the transition state from
the intermediate, DGz is the height of the energy barrier between the interme-
diate and unwrapped state, and m is a parameter characterizing the shape of
the energy barrier. We found the fitting results to be insensitive to the absolute
values of the two loading rates but sensitive to the ratio between the two. Shift-
ing the loading rate values by 10% (the ratio maintains at 1:2) caused a shift of
less than 1% in the fitted values of the three parameters. Considering that the
majority of the dissociation events happened in a short span between 5 and 13
pN and the contour length of the DNA tether is very long, the loading rates can
be treated as constant to a good approximation (Dudko et al., 2008). We
therefore performed a linear fit to the force-time curve in the range of 5–13
pN to determine the approximate loading rates for the two pulling speeds.
We used two values of n to fit the force distributions and the fitting was per-
formed globally between the two dissociation force distributions with three
shared parameters k1, Dx
z, and DGz. We obtained k1 = 0.010 ± 0.007 s
1,
Dxz = 3.4 ± 0.7 nm, and DGz = (12 ± 3) kBT for a sharp, cusp-like energy barrier
(m = 1/2), whereas k1 = 0.010 ± 0.006 s
1, Dxz = 3.2 ± 0.5 nm, and DGz = (11 ±
2) kBT for a softer, cubic potential (m = 2/3).
Cross-Correlation Analysis
The cross-correlation analysis was performed as previously described (Kim
et al., 2002). The cross-correlation functions were calculated between donor
and acceptor time traces for a given molecule. By fitting the averaged
cross-correlation functions to a single exponential function, one obtains twoparameters (the characteristic time of the exponential, t, and the amplitude
of the exponential at t = 0).
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